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(54) High Frequency Tunable Filter 



(57) An integrated circuit (ICT) comprising a filter 
(50). The filter comprises an input (v in +) for receiving an 
input signal and an output (56) for producing an output 
signal having a frequency cutoff point. The filter further 
comprises at least one resistor network (RN^) coupled 
between the input and the output. The resistor network 
comprises a first non-switched resistance (R 1 .,) and a 
first resistance series connection connected in parallel 
with the first non-switched resistance. The first resist- 



ance series connection comprises a switched resist- 
ance (R-1.2) connected in series with a source/drain path 
of a switching transistor (TRR 1 2 ) : the switching transis- 
tor having a gate for receiving a control signal. The fre- 
quency cutoff point is adjustable in response to the con- 
trol signal. Additionally, the switched resistance has a 
first resistance and the switching transistor has an on- 
resistance. Further, the on-resistance is at least 20 per- 
cent of the total of the first resistance and the on-resist- 
ance. 
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Description 

BACKGROUND OF THE INVENTION 

5 [0001] The present invention relates to electronic circuits and is more particularly directed to a tunable high frequency 
filter used in such circuits. 

[0002] Filters are commonly used in numerous types of electronic circuits to separate extraneous and undesirable 
components from a signal. One issue in implementing bandpass filters relates to the precision of the location of the 
filter's center frequency, and another issue for bandpass as well as low and high pass filters relates to the precision of 

10 the location of the filter's cutoff frequency. Cutoff frequency is typically defined in the art as the frequency location 
where the gain of the filter is 3dB less than the gain at the filter's center frequency and, therefore, it also is sometimes 
referred to as a filter's 3dB point. Due to fabrication process variations, the device characteristics of the components 
which form the filter may vary. As a result, these variations cause the filter center frequency and cutoff frequency also 
to vary. Naturally, such variations are undesirable because they cause the filter to operate differently than it would at 

15 its intended center frequency and cutoff frequency. 

[0003] In order to compensate for the variations in filter center frequency and cutoff frequency, it is known in the art 
to provide mechanisms to tune filters, sometimes referred to as the construction of a tunable filter. A tunable filter 
includes some sort of scheme for adjusting the filter center frequency and cutoff frequency after the filter is constructed. 
Typically the manufacturer of the filter uses the tuning scheme to adjust the filter toward its intended characteristics so 

20 as to overcome the process variations. While the tuning circuit therefore allows some adjustment to the filter, it also 
adds parasitic attributes to the filter. The parasitics may undesirably affect the pole and zero locations for the filter as 
well as the response shape (i.e., including the Q of the filter). More particularly, in a filter used for a relatively low 
frequency application on the order of a few megahertz, the RC values of the filter circuit are relatively large as compared 
to the parasitic values added to the filter due to the tuning circuit. As a result, the effects of the tuning circuit on the 

25 filter are typically acceptable for numerous applications. However, in a filter used for a relatively high frequency appli- 
cation on the order of several hundred megahertz or greater, the RC values of the filter circuit are smaller than those 
in the low frequency filter and, as a result, these RC values are much more influenced by the parasitic values added 
to the filter due to the tuning circuit. Thus, the high frequency filter is more difficult to design in view of process variations 
and corrective tuning circuits. In addition, for many filters a tuning circuit may consume too much power or active area 

30 relative to the filtering circuit. 

[0004] In view of the above, it is recognized that various difficulties arise in constructing a high frequency filter with 
an acceptable manner of tuning the filter so as to overcome the effects caused on the filter's operations by process 
variations. Accordingly, there arises a need to address these complexities. This need is achieved by the preferred 
embodiments described below. 



35 



BRIEF SUMMARY OF THE INVENTION 



[0005] In the preferred embodiment, there is an integrated circuit comprising a filter. The filter comprises a first resistor 
network having a first lead coupled to receive an input signal and a second lead coupled to a first lead of a second 

40 resistor network. The filter further comprises a first capacitor having a first lead coupled to said first lead of said second 
resistor network and a second lead coupled to a first lead of a third resistor network and a first lead of a transistor. 
Additionally the filter comprises a first capacitor network having a first lead coupled to a second lead of said second 
resistor network and to a control lead of said transistor, a second lead of said first capacitor network coupled to a 
second lead of said transistor and to a first lead of a second capacitor network. The filter further comprises a second 

45 lead of said third resistor network being coupled to a second lead of said second capacitor network and to an output. 
Other aspects are also disclosed and claimed. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING 
50 [0006] 

Figure 1 illustrates a schematic of a prior art Sallen-Key filter. 

Figure 2 illustrates a block diagram of the prior art Sallen-Key filter of Figure 1 . 

55 

Figure 3 illustrates a block diagram of a first alteration to the Sallen-Key filter of Figure 2. 
Figure 4 illustrates a block diagram of a second alteration to the Sallen-Key filter of Figure 2. 
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Figure 5 illustrates a schematic of a preferred embodiment tunable filter. 



0 



Figure 6 illustrates a plot of frequency response curves of the filter of Figure 5 in response to differing states of 
the tuning control signals. 



5 



Figure 7 illustrates an electrical block diagram of a n oscillator constructed with the filter of the preferred embodiment 
for determining an optimal tuning for the filter. 



10 



Figure 8 illustrates a system for determining the variance in the expected output frequency of the oscillator of 
Figure 7 for producing a set of control signals for the optimal tuning of the filter in Figure 5. 



DETAILED DESCRIPTION OF THE INVENTION 

[0007] Figure 1 illustrates a schematic that includes a filter known in certain respects in the prior art and designated 
15 generally at 1 0, where the filter is referred to in the art as a low pass Sallen-Key filter. As detailed below and for sake 
of later comparison to the preferred embodiments, filter 10 is further modified by the inclusion of an additional stage 
to create an additional pole in the frequency response curve of the filter to meet the attenuation requirements in the 
stop-band. A Sallen-Key filter is very attractive for high frequency applications such as those operating at several 
hundred megahertz or greater. Thus, a high frequency filter is introduced here and is also implemented in the preferred 
20 embodiments by making improvements to the general schematic shown in Figure 1 . Accordingly, to better understand 
the improvements provided by the preferred embodiments, the following discussion first provides a better understand- 
ing of the prior art Sallen-Key filter. 

[0008] Turning to the electrical details in Figure 1 . filter 1 0 is generally a differential filter with differential input nodes 
v in and v jn - and differential output nodes v out \- and v out _. For the sake of simplifying this text, the following discussion 

25 describes one half of the symmetric circuit in detail, while one skilled in the art will readily appreciate from the symmetric 
nature that comparable devices are used and connected for the other half of various aspects in the circuit. 
[0009] Starting with input node v in +, it is connected through a resistor F^ to a node 12. Node 12 is connected through 
a resistor R 2 to a node 1 4, and node 1 2 is also connected through a capacitor C, to a node 1 6. Node 1 4 is connected 
through a capacitor C 2 to a node 18, where node 1 8 is connected to a DC supply voltage V DD . Node 1 4 is also connected 

30 to the base of a bipolar junction transistor ("BJT") 20. The collector of BJT 20 is connected to node 1 8 and the emitter 
of BJT 20 is connected to node 16. Node 16 is further connected to biasing circuit 22 and through a resistor R 3 to 
output node v out +. Additionally, output node v out + is connected through a capacitor C 3 to node 18. Lastly, note that 
resistor R 3 and capacitor C 3 provide the additional pole in the frequency response curve of filter 1 0 as introduced above 
and, thus, without these elements a filtered output would be provided at node 16. 

35 [001 0] Looking now to the input node v jn - with its symmetric nature to the input node v in + , the same reference identifier, 
with the addition of an apostrophe, is used for each comparable device and node connected to or through v jn - so that 
each device and node may be readily appreciated as symmetric with a corresponding device and node having the 
■ same identifier with respect to v jn +. For example, input node v in - is connected through a resistor R.,' to a node 12V and 
node 12' is connected through a resistor R 2 l to a node 14'. Node 12' is also connected through a capacitor C^ to a 

40 node 16'. Node 14' is connected through a capacitor C 2 ' to node 18, and node 14' is also connected to the base of a 
BJT 20'. The collector of BJT 20' is connected to node 1 8, and the emitter of BJT 20' is connected to node 1 6', which 
is further connected to biasing circuit 22. The symmetric nature of the devices in Figure 1 will therefore be readily 
appreciated by one skilled in the art. 

[0011] The operation of filter 10 is well-known in the art to perform generally as a low pass filter, and as stated above 
45 filter 1 0 further includes an additional notch in its response curve. In general, a DC bias V DD is applied to filter 1 0 which 

is further powered by biasing circuit 22 to operate in the appropriate region to provide a low frequency filter response. 

To depict the overall response, Equation 1 below generally provides the filler transfer function, H(s), where the gain of 

the amplifier configuration of BJT 20, represented below as k, is chosen to be unity (i.e., k=1), and where Equation 1 

is followed by a frequency cutoff co 0 and an additional pole frequency to^ as well as the bandwidth (i.e., BW), as set 
50 forth in the design considerations set forth in Equations 2, 3, and 4. Additionally, the first multiplicand of Equation 1 

relates to the Sallen-Key filter in general, while the second multiplicand is due to the additional pole arising from resistor 

R 3 and C 3 : 



H(s)= 




Equation 1 
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45 



Wq= I 1 Equation 2 



m/ - f 1 Equation 3 



B^s^^w-** Equation4 



[0012] Having described filter 10 and its response, the preferred embodiments endeavor to incorporate an apparatus 
and method into such a filter that permits tuning the filter since the various RC products are not always well controlled 

15 in today's manufacturing technology. Further in this regard, note that although benefits are achieved in using the single 
unity gain amplifier of filter 10, this choice provides no active element to tune in this regard. Instead, therefore, the 
preferred embodiments contemplate tuning of resistance, capacitance, or both, and further do so in a manner such 
that the tuning circuit and more particularly the tuning switches become part of the total effective resistance of the filter. 
[0013] To further appreciate the development of the preferred embodiments described later, Figure 2 illustrates a 

20 block diagram of one of the two symmetric portions of the prior art filter 1 0 from Figure 1 so as to facilitate later dis- 
cussions about considerations for altering the prior art. Given the previous detailed discussion of filter 10 of Figure 1 , 
only a brief review is hereby given with respect to Figure 2. An input node v in is connected through resistor to node 
12. Node 12 is connected through resistor R 2 to node 14 and also through a capacitor C n to node 16. Node 14 is 
connected to capacitor C 2 , and capacitor C 2 is shown as connected to ground in Figure 2 because insofar as frequency 

25 response is concerned the comparable DC connection in Figure 1 to V DD is effectively a ground in an AC response as 
shown in Figure 2. Further, node 14 is connected to an amplifier 20 having a gain k (either unity or other) and with its 
output connected to node 16. For the sake of the Figure 2 block diagram which does not include the extra circuit relating 
to R 3 and C 3 in Figure 1 , node 1 6 serves as the output node v out . 

[0014] Figure 3 illustrates a block diagram of a first approach to modifying filter 10 of Figure 2 in developing the 
30 preferred embodiments, where this approach is indicated generally as a filter 30. The input node v in in filter 30 is 
connected through a resistor R 1 to a node 32. Node 32 is connected through a resistor R 2 to node 34 and also through 
a capacitor C 1 to a node 36. With respect to node 34, it is modified relative to node 14 in Figure 2 
in that capacitor C 2 of Figure 2 is replaced in Figure 3 with two capacitors: (1 ) a non-switched capacitor C 2 '; and (2) a 
switched capacitor C 2 M , that is, capacitor C 2 " has a transistor switch connected between it and ground. The additional 
35 transistor switch connected to capacitor C 2 " has a resistance when it is on, designated in Figure 3 as R on . Further, R on 
is defined by the following Equation 5: 



■p = : Equation 5 

40 °° / w ' 



[0015] Lastly, node 34 is connected to an amplifier 20 having a gain k and with its output connected to node 36, 
thereby serving as the output node v out . 
50 [0016] Given the alteration of filter 30 versus that of filter 10, then the transfer function of filter 30 will be as shown 
in the following Equation 6 given two assumptions. First, assume that R 1 and R 2 have the same resistance R. Second, 
assume that the parallel capacitors connected to node 34 equal the value of C 2 from filter 10, that is, C 2 =C 2 l +C 2 ". 
Equation 6, therefore, is as follows: 

55 H(s)= ^ +sR on C 2 Equation 6 

^ + s[2RC 2 +R on C 2 ] + s 2 \Ff C,C 2 +2RR on C 2 C 2 }^s 3 \C^C 2 C 2 Fr R on \ 
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[0017] Further, in comparison with the ideal transfer function, it can be shown that the error in the cut-off frequency, 
A<i>0, as between filters 10 and 30, is given by the following Equation 7: 

5 _?=-2 -p^-iJ-^ Equation 7 

[0018] Given Equation 7, for a one percent error with a resistor R on the order of a few hundreds of ohms (as is 
typical for a high frequency or low noise application), then the resistance R on would need to be in the range of a few 

10 ohms. However, such a constraint may be undesirable. For example, as known in the art, to obtain such a resistance 
requires a very large transistor size. Moreover, also as known in the art, the parasitic capacitance of a transistor in- 
creases with its size and, thus, a physically larger transistor having only a few ohm on-resistance gives rise to large 
parasitic capacitance. The large parasitic capacitances are voltage dependent and will degrade the linearity of the 
filter. Thus, the preferred embodiments described below further account for these observations. 

is [0019] Figure 4 illustrates a block diagram of a second approach to modifying filter 10 of Figure 2, where the Figure 
4 approach is indicated generally as a filter 40. The input node v in in filter 40 is connected through a resistor R 1 to a 
node 42. Node 42 is connected through a resistor R 2 to node 44, and node 44 is also connected to an amplifier 20 
having a gain k and with its output connected to a node 46. Node 46 serves as the output node, v out , for filter 40. 
Returning to node 42, it is modified relative to node 14 in Figure 2 in that capacitor C 1 of Figure 2 is replaced in Figure 

20 4 with two capacitors: (1) a non-switched capacitor C-,'; and (2) a switched capacitor C^', that is, capacitor C^' has a 
transistor switch connected between it and node 46. The additional transistor switch connected to capacitor C-," has 
a resistance when it is on, designated also in Figure 4 as R on and previously defined in Equation 5. Lastly, node 44 is 
connected through capacitor C 2 to an AC ground. 

[0020] Given the alteration of filter 40 versus that of filter 10, then the transfer function of filter 40 will be as shown 
25 in the following Equation 8, given two assumptions. Specifically, assuming that R, and R 2 have the same resistance 
R, and assuming that that the parallel capacitors connected to node 42 equal the value of C 1 from filter 10, that is, 
C 1 =C 1 , +C 1 " I then Equation 8 is as follows: 

■\ + sR m c\ 

30 H(s)= = 5—^ — ! = 3 Equation 8 

1 + s[ 2 RC 2 + R on C, ] + s z [ FT C 1 C 2 +2 RR on C 2 C,]+s*lC 2 CiC,Fr R on ] 

[0021] Further, it can be shown that the error in the cut-off frequency, Ato^ as between filters 10 and 40, is given by 
the following Equation 9: 



35 



^o=- 2 Equation 9 

cd 0 a, r 

40 [0022] Given Equation 9, much of the same observations may be made with respect to it and filter 40 as were made 
with respect to Equation 7 above in connection with filter 30. Thus, again for a one percent error with a resistor R in 
the order of a few hundreds of ohms, then the on-resistance R on of the switch transistor would need to be in the range 
of a few ohms which likely provides an undesirable constraint. Again to obtain such a resistance requires a very large 
transistor size which gives rise to large parasitic capacitances which therefore are voltage dependent and will degrade 

45 the linearity of the filter. Still further in the case of filter 40, note that the proposed replacement of the prior art capacitor 
C-j with C-,' and C^' creates a configuration with a floating switched capacitor C^' in contrast to the example of Figure 
3 wherein the switched capacitor C 2 " is connected to an AC ground. In the latter case of Figure 4, it has been determined 
in connection with the preferred embodiments that a large floating parasitic capacitance is particularly undesirable 
because it will change the Q of the filter which also is undesirable. Thus, the preferred embodiments described below 

50 further account for these observations as well. 

[0023] Figure 5 illustrates a schematic of a preferred embodiment filter designated generally at 50, and which is 
developed in view of the previous observations as well as additional factors described below. By way of introduction 
to various notable aspects, filter 50 preferably incorporates resistor networks in place of single resistors R-, and R 2 
described above, where these resistor networks preferably include both non-tunable and tunable resistances that are 

55 used for coarse tuning of the filter's cutoff frequency. Additionally, capacitor networks are included in place of capacitors 
C 2 and C 3 , where these capacitor networks preferably include both non-tunable and tunable capacitances that are 
used for fine tuning of the filter's cutoff frequency. Lastly, the networks include some elements which may be selectively 
switched on by a corresponding transistor, where the on-resistance of each such transistor is non-negligible and is 
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part of the total effective resistance for the filter and thereby also determines the filter's cutoff frequency. 
[0024] Looking to the details within the schematic of Figure 5, filter 50 includes in a general sense many of the 
connections described above with respect to other approaches. However, rather than using single resistors or capac- 
itors in various locations, certain of those devices are replaced by more intricate device configurations as described 

5 below. In addition resistor and capacitor values are selected based on considerably more complex considerations, 
including the on-resistance of the switching transistors in the configurations. Looking first to the general architecture 
of filter 50, note that it illustrates only one of what should be understood to be two symmetric portions of filter 50, where 
from the preceding discussion one skilled in the art should readily appreciate how the illustrated circuit may be replicated 
in a symmetric nature to form a differential design. Looking to the one side of the circuit as illustrated in Figure 5, an 

10 input node v in is connected through resistor network RN 1 to a node 52. Node 52 is connected through a resistor network 
RN 2 to a node 54 and also through a capacitor C 1 to a node 56. Node 54 is connected to capacitor network CN 2 , and 
capacitor network CN 2 is connected to a node 58, which receives a DC power supply V DD . Further, node 54 is connected 
to the base of a BJT 20, preferably operating as an amplifier having a gain k=1 . The collector of BJT 20 is connected 
to node 58. Biasing circuit 60 may be constructed in various fashions as ascertainable by one skilled in the art given 

15 the desired operating characteristics described below. The emitter (i.e., output) of BJT 20 is connected to node 56, 
and node 56 is further connected through a resistor network RN 3 to output node v out +. Additionally, output node v out + 
is connected through a capacitor network CN 3 to node 58. As shown below, resistor network RN 3 and capacitor network 
CN 3 provide an additional pole in the frequency response curve of filter 50, and without these elements a filtered output 
(without the additional pole) would be provided at node 56. 

20 [0025] The preceding introduces the resistor networks RN 1s RN 2) and RN 3 of filter 50. and those are now explored 
in greater detail. In the preferred embodiment, resistor networks RN 1 and RN 2 use the same connections and resistance 
values, so resistor network RN 1 is now described with it understood that the description therefore also applies to resistor 
network RN 2 . In the preferred embodiments, each resistor in the resistor network is a poly resistance. Resistor network 
RN 1 includes a resistor R n 1 connected in parallel with three resistor/transistor series connections. More particularly, 

25 the first resistor/transistor series connection consists of a resistor R-, 2 in series with the source/drain path of a transistor 
TRR-, 2) the second resistor/transistor series connection consists of a resistor R-, 3 in series with the source/drain path 
of a transistor TRR 1 3 , and the third resistor/transistor series connection consists of a resistor R 1 4 in series with the 
source/drain path of a transistor TRR 14 . 

[0026] In the preferred embodiments, the resistances of resistors R 1>2s R. 1>3 , and R 1 4 have the relationship shown 
30 in the following Equation 10: 

R 14 < R. 13 < R 12 Equation 10 

35 [0027] Further, each resistor following the relationship in Equation 10 is approximately twice the resistance of the 
immediately smaller resistor. The actual values of resistance for resistors R 1 2 , R 13 , and R-, 4 are selected to locate 
the frequency cutoff at or near a desired frequency cutoff with the understanding that later tuning is applied to connect 
selected ones of those resistors within a parallel resistance configuration so as to converge on the desired cutoff 
frequency. This aspect is better appreciated from the operational description provided later. 

40 [0028] Also in the preferred embodiments, the size represented by the ratio of width/length of the transistors TRR n 2 , 
TRR. 13 , andTRR 14 has the relationship shown in the following Equation 11: 

sizefrRR^) <size(TRR. 1 3 ) <size(TRR 14 ) Equation 11 

45 

[0029] Moreover, in the preferred embodiment, each transistor following the relationship in Equation 11 is approxi- 
mately twice the size of the immediately smaller transistor, that is, transistor TRR 1 3 is twice the size of transistor 
TRR 1 2 , and transistor TRR 14 is twice the size of transistor TRRt 3 . Further, as known in the art, a transistor's size is 
inversely proportional to its on-resistance. Thus, by way of example in considering Equation 11, in resistor network 

50 RN-j, the largest transistor TRR 1 4 has the smallest on-resistance. In addition to the preceding, note that the sizing and 
parameters regarding each switching transistor and the series resistor to which it is connected include yet an additional 
consideration in the preferred embodiments. Specifically, for each series connection of a resistor and a switching tran- 
sistor, the resistance of the resistor and the on-resistance of the transistor to which it is series connected are approx- 
imately the same; in other words, the devices are formed so that when the transistor is enabled it provides approximately 

55 50% of the series resistance while the resistor to which it is series-connected provides the remaining approximate 50% 
of the series resistance. Clearly, therefore, the amount of resistance provided by the on-resistance of each switching 
transistor in the preferred embodiments is a non-negligible amount; indeed, as detailed later this resistance is specif- 
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ically anticipated as part of the overall resistance in the RC operation of filter 50 and filter 50 is tuned in response 
thereto. Lastly, in the preferred embodiments, each transistor in resistor networks RN 1( RN 2 , and RN 3 is preferably a 
PMOS transistor operating in its linear region. PMOS devices are preferable for appropriate DC biasing. 
[0030] The above addresses the resistance of those resistors in resistor network RN 1 that are series-connected to 
5 corresponding transistors. Given that understanding, note further in the preferred embodiment that non-switched re- 
sistor R., which is not series-connected to a corresponding resistor preferably has a resistance that is lower than 
the resistance of any other combination of a resistor and the on-resistance of the transistor to which the resistor is 
series connected. 

[0031 ] Due to the Equation 1 1 relationship of size, and also because the parasitic capacitance of a transistor is known 
10 to be directly proportional to size, then the relative parasitic capacitance of the transistors TRR 1 2 , TRR. 13 , and TRR 1 4 
have the relationship shown in the following Equation 12: 

capacitance(TRR 1 2 ) < capacitance (TRR., 3 ) < capacitancefTRR., 4 ) Equation 12 

15 

[0032] This capacitance is noted here because the preferred embodiments further implement a tunable capacitor 
network CN 2 that is selected in part in view of this parasitic of resistor networks RN 1 and RN 2 (and also a tunable 
capacitor network CN 3 in view of the comparable parasitic of resistor network RN 3 ). 

[0033] Resistor network RN 3 is constructed in a manner comparable to resistor network RN 1 described above, al- 
20 though the actual resistance values for the poly resistors used within the resistor network RN 3 are different so as to 
properly locate the additional frequency pole. Briefly applying the previous principles to resistor network RN 3 , then 
resistor network RN 3 includes a resistor R 3i1 connected in parallel with three resistor/transistor series connections, 
where each resistor/transistor series connection consists of a resistor in series with the source/drain path of a transistor, 
including resistor R 3 2 in series with transistor TRR 3 2 , resistor R 3 3 in series with transistor TRR 3 3 , and resistor R 3 4 
25 in series with transistor TRR 34 . Further, all the resistors are poly resistors and the resistances of resistors R 3 2 , R. 3 3 , 
and R 3 4 have the relationship shown in the following Equation 13: 

R 3 4 < R. 3 3 < R 32 Equation 13 

30 

[0034] The size represented by the ratio of the width/length of the transistors TRR 3 2 , TRR. 3 3 , and TRR 3 4 have the 
relationship shown in the following Equation 14: 

35 size(TRR 3 2 ) < size(TRR. 33 ) < size(TRR 34 ) Equation 14 

[0035] Also as above, each resistance in Equation 1 2 is preferably twice the amount of the immediately lower resist- 
ance. Further, each transistor following the relationsh ip in Equation 1 3 is approximately twice the size of the immediately 
smaller transistor. Additionally, all the transistors in resistor network RN 3 are preferably PMOS transistors operating in 
40 their linear region. 

[0036] Having described the construction of resistor networks RN 1 , RN 2 , and RN 3 of filter 50, attention is now directed 
to the operation of those networks. By way of introduction, the following illustrates an additional connectivity aspect 
relating to control signals connected to the gates of the transistors in the resistor networks, and it also facilitates an 
understanding of the preferred embodiment aspects relating to the capacitor networks which are detailed after the 

45 following operational description relating to the resistor networks. Returning by way of example to resistor network 
RN 1s note now that for each series connection of a resistor and transistor, the transistor receives a differing control 
signal. In the example of resistor network RN 15 therefore, transistor TRR 12 receives_a_control signal GO, transistor 
TRRt 3 receives a control signal G1 , and transistor TRR 1 4 receives a control signal G2. As a result, by altering the 
state of the control signals GO, G1 , and G2 ; each of the PMOS transistors in a resistor network may be selectively 

50 enabled or disabled. As a result and as detailed below, when a network transistor is enabled by its respective control 
signal, it therefore creates a resistive conductive path, which thereby electrically includes its corresponding series- 
connected resistor into a parallel configuration with the non-switched resistor R r1 (as well as with any other switched- 
on series-connected resistors in the network). For example, when transistor TRR 12 is enabled and transistors TRR 13 
and TRR 1 4 are disabled, then the series connection of TRR 1 2 and switched resistor R 1 2 is connected in parallel with 

55 non-switched resistor R 1 v In other words, therefore, by switching a transistor on in this manner, the on-resistance of 
the transistor is also therefore connected in series with the corresponding resistor to which the transistor source/drain 
path is connected. Thus, the non-negligible on-resistance of the enabled transistor also becomes a part of the overall 
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effective resistance for filter 50 and, therefore influences its frequency response. 

[0037] Table 1 below further illustrates the eight possible state combinations of GO, G1 , and G2 and the resulting 
resistance in response thereto. 



5 





Combination 


G2 Gl GO 


variation 
in RC 


change in 
nominal 


effective 
resistance 


10 






product 


cutoff 
frequency, 

1 nominal 




15 


1 


000 . 


-35% 


0-65 f nominal 


1.54R D = Ri.i 




2 


001 


-25% 


0.75 f nominal 


1.33 R D 


20 










Ri.a ||Ri.2 

=> R1.2 = IO.ORd 


25 


3 


010 


-15% 


0.85 f nominal 


1.18 R D 

Rl.l|Rl.3 


30 










=> R1.3 = 5.0R D 




4 


Oil 


-5% 


0.95 f nominal 


1.05 Rd 


35 










Rl.l||Rl.2||Rl.3 




5 


100 


+ 5% 


1.05 f nominal 


0.95 R D 

Rl.l||Rl.4 


40 










=> Ri.4 = 2.5R D 


45 


6 


101 


+ 15% 


1.15 f nominal 


0.87 R D 

Rl.l||Rl. 2 ||Rl.4 




7 


110 


+25% 


1.25 f nominal 


0.80 R D 


50 










Rl.l||Rl.3||Rl.4 




8 


111 


+ 35% 


1.35 f nominal 


0.74 R D 


55 










Rl.l||Rl.?||Rl.3||Rl.4 



Table 1 
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[0038] The different possible effective resistances achieved by resistor network RN, are therefore illustrated in Table 
1 , with it understood that any switched resistor also is connected in parallel by way of a non-negligible on-resistance 
of the corresponding switched transistor. In addition, while Table 1 specifies devices in resistor network RN 1; a com- 
parable results is achieved for resistor network RN 2 i n the preferred embodiment since it uses the same device values 

5 as resistor network RN V 

[0039] Looking to combination 1 in Table 1 by way of an example for appreciating the various combinations, it illus- 
trates the case where each of GO, G1 , and G2 equals 0. The complements of these values (i.e., GO. G1 , G2) are 
connected to the gates of transistors TRR 1 2 , TRR n 3> and TRR 1 4 , respectively. Since each of these transistors is a 
PMOS transistor, then the high voltage at each respective gate does not enable the transistor. As a result, each of 

10 resistors R-, 2 , ^1 3, andR 1 4 is not included within the overall effective resistance of resistor network RN V Consequently, 
the ultimate resistance provided by resistor network RN 1 in this example is the resistance provided by non-switched 
resistor R n v Further, Table 1 depicts several variations relative to a value of "R D " which is the desired, or intended, 
value of the resistance to be provided in filter 50. In other words, if no process variations occurred when manufacturing 
filter 50, then in the ideal case resistor networks RN-, and RN 2 would be replaced by ideal resistance values each equal 

15 to R D . However, the preferred embodiment is tunable so as to overcome the fact that due to process variations the 
actual value of resistance in filter 50 may not be as intended and, thus, R D may be approached by selecting from 
different available parallel combinations of R^.R^. R 1.3> and R 1.4- Tnus > the fjfth column of Table 1 illustrates what 
each particular combination yields relative to the ideal case of R D . For example, in combination t, when G2, G1 , and 
GO are each set equal to 0 (i.e., filter 50 is "tuned" in this manner), then the fifth column of Table 1 indicates that the 

20 actual resistance is that provided only by resistor R A Ai and the value of resistor R 1/( is 1 .54 times the value of R D . Also 
from this column, therefore, one skilled in the art can choose the appropriate values to manufacture the resistors in 
resistor network RN 1 since R D will be defined by the desired cutoff frequency for filter 50. 

[0040] Table 1 also illustrates the effect on frequency cutoff in response to each different combination of the control 
signals GO, G1 , and G2. In other words, returning again to the ideal case where device variation does not occur as a 

25 result of manufacturing, then filter 50 would have an ideal cutoff frequency at an intended frequency location; however, 
if the components do not match the ideal scenario, then instead, filter 50, without tuning, would provide a cutoff fre- 
quency referred to herein as f n0 minai- However, the fourth column of Table 1 illustrates the effect of the tuned resistance 
on this nominal cutoff frequency. Thus, in the case of combination 1 in Table 1 (i.e., GO, G1 , G2 all equal 0), the actual 
resistance provided by resistor network RN 1 causes an adjustment in the cutoff frequency so that it equals 0.65 f nom j na |, 

30 which is therefore an adjustment to move the actual cutoff frequency to equal or approach the originally intended cutoff 
frequency for the filter. In other words, combination 1 of Table 1 illustrates an instance where process variations have 
resulted in an actual cutoff frequency of f norr ,tn3i tnat is > ar ge r than what was intended, but by tuning each of G0 : G1 , 
and G2 to equal 0, then the resulting cutoff frequency is reduced by 0.65. Another way of stating this result is as shown 
in the third column of Table 1 , which demonstrates that combination 1 is the preferable tuning to reduce the otherwise- 

35 existing RC product of filter 50, as it results from the manufacturing process, by 35%. Note also that by indicating an 
amount of correction, Table 1 assumes that R 1 A through R 1 4 are the values as intended when manufactured; however, 
even if process variations cause these devices to vary in their resistance, compensation is available for the variation 
by tuning the devices using the appropriate control signals. 

[0041] As an additional observation with respect to the preceding example and also as applying in later examples, 

40 recall that non-switched resistor R 1 n preferably has the smallest resistance connected between the input node v in + 
and node 52, as compared to any other combination of a transistor on-resistance and the series resistor connected to 
that transistor. As a result, this helps enhance the linearity performance of filter 50 because resistor R 1 A , as the smallest 
resistance in a parallel configuration of resistances, is the most influential resistance in resistor network. 
[0042] Looking to combination 2 in Table 1 by way of another example for appreciating the various combinations, it 

45 illustrates the case where the sequence of GO, G1, and G2 equals the binary value 100. As a result of receiving the 
complements of these voltages at their gates, transistors TRR., 3 and THFt^ 4 are disabled, while transistor TRR 1 2 is 
enabled. As a result, and as shown in the fifth column of Table 1 , the resistance of resistor network RN 1 as provided 
by resistive elements is provided by the parallel combination of R 1 A with R n 2 . However, note that in addition to the 
resistance from resistive elements, in this case and in others when one or more transistor in the resistor network are 

so enabled, the total effective resistance is further influenced by the non-negligible on-resistance of each enabled tran- 
sistor. Thus, in the present example, the on-resistance of transistor TRRi 2 is series-connected to switched resistor 
R, 2 , and that series connection is in parallel with non-switched resistor R n A . This tuning result causes a 25% reduction 
in what the cutoff frequency otherwise would be without such tuning. The remaining examples of Table 1 should there- 
fore be readily appreciated by one skilled in the art 

55 [0043] Having now introduced the operation of filter 50, one skilled in the art may further appreciate the above- 
described preference of providing an approximate 50% contribution of resistance by the on-resistance of each transistor 
and a 50% contribution of resistance by the corresponding series-connected resistor. Specifically, the selection on the 
order of a 50% mix is preferred as a trade-off between two factors. First, if the switching transistor is too small and 
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hence provides a larger on-resistance, then it will eventually degrade the total linearity performance of filter 50. Second, 
if the transistor is too large and hence provides lesser on-resistance, then the larger transistor will provide a large 
parasitic capacitance and thereby negatively affect the performance of filter 50. Thus : the 50% selection stated above 
represents a balancing of these two trade-offs. In alternative systems and possibly for different manufacturing proc- 
5 esses, however, note that these tradeoffs may weigh toward a different balance between the contributions of resistance 
from the switching transistor and resistor Thus, the present inventive scope contemplates a greater range, such as 
from a resistance contribution of the resistorfrom approximately 20 to 80% with a corresponding resistance contribution 
of the transistor from approximately 80 to 20%. Going beyond these limits, and particularly in the case of lowering the 
on-resistance of the transistor below approximately 20%, will likely introduce an unacceptably large amount of parasitic 
10 capacitance into the overall device as configured in Figure 5. 

[0044] Having now detailed the operation of resistor network RN 1s note that the preceding operational description 
also applies to comparably connected resistor networks RN 2 and RN 3 . Indeed, given the use of the same control 
signals GO, G1 , and G2, one skilled in the art should readily appreciate how the fifth column Table 1 may be modified 
to designate the effective parallel connections in resistor networks RN 2 and RN 3 provided in response to each of the 
15 eight different combinations of those control signals. Given the preceding, therefore, one skilled in the art should ap- 
preciate that by tuning resistor networks RIM 1f RN 2 , and RN 3 with the control signals GO, G1 , and G2 3 the cutoff fre- 
quency as well as the additional pole frequency for filter 50 may be moved a considerable amount. To further illustrate 
this aspect, Figure 6 illustrates the alternative frequency response plots provided by filter 50 as a result of each of the 
different control signal combinations in Table 1 , where in Figure 6 each plot is labeled with the corresponding combi- 
ne nation number from Table 1 . These plots therefore demonstrate that by altering the control signals, the 3dB frequency 
may be moved in a range roughly between 400 through 800 MHz. Taking into account the output resistance, R out , of 
BJT 20 results in parasitic zeros as shown in Figure 6. It can be shown that the frequency, co z , of the parasitic zeroes 
is given by the following Equation 15: 



25 



*>z=<°0 o" 2 - Equations 
\ H out 

[0045] Given Equation 1 5, the effect of the parsitic zeroes is more prominent with a resistor R D on the order of a few 
30 hundreds of ohms (as is typical for a high frequency application). Careful design is needed to locate those parsitic 
zeros as far as possible, by reducing R out , to meet the attenuation requirements in the stop-band (more than 2.5 GHz 
in the present example as shown in Figure 6). 

[0046] While the preceding has demonstrated in detail the flexibility of tuning filter 50 by selectively enabling tran- 
sistors in resistor networks RN 1( RN 2 , and RN 3 , recall also that preferably filter 50 further includes tunable capacitor 

35 networks CN 2 and CN 3 . Before detailing these networks, however, note first that the preferred embodiment of filter 50 
includes a capacitor C 1 which is not replaced by a capacitor network, that is, capacitor C, does not include one or 
more switched capacitors. This preference arises from the observation made earlier with respect to filter 40 of Figure 
4, that is, if capacitor C 1 were replaced with one or more switched capacitors, then the result would present floating 
parasitic capacitance which can affect the Q of the filter. Such variance is undesirable and, hence, in the preferred 

40 embodiment of filter 50 no switched capacitor is used for capacitor C v However, if one skilled in the art were to find 
this variance acceptable, then certainly the teaching of a capacitor network such as capacitor networks CN 2 and CN 3 
also could be used in lieu of capacitor C v 

[0047] The tunable capacitor network CN 2 is now explored in greater detail. Capacitor network CN 2 includes a ca- 
pacitor C 2 -i connected in parallel with three capacitor/transistor series connections. More particularly, the first capacitor/ 

45 transistor series connection consists of a capacitor C 2 2 in series with the source/drain path of a transistor TRC 22 , the 
second capacitor/transistor series connection consists of a capacitor C 2 3 in series with the source/drain path of a 
transistor TRC 2 3 , and the third capacitor/transistor series connection consists of a capacitor C 2 4 in series with the 
source/drain path of a transistor TRC 2 4 . Preferably, each capacitor in capacitor networks CN 2 and CN 3 is preferably 
a PMOS transistor operating in its linear region. Each of the capacitors in capacitor network CN 2 may be formed using 

so one of various different semiconductor fabrication techniques. Preferably, the capacitance of the switched-capacitors 
C 2 2 , C 2 3 , and C 2 4 , as well as the non-switched capacitor C 2 A , have the relationship shown in the following Equation 1 6 : 

C 2 . 2 < C 2 . 3 < C 2 .4 < C 21 Equation 16 



55 



[0048] Attention is now directed in more detail to the amount of capacitance provided by each capacitor in Equation 
16. In the preferred embodiment, the amount of capacitance selected for the non-switched capacitor C 2 A is directed 
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generally to providing the desired frequency response for the cutoff frequency, o> 0> for filter 50, as shown in Figure 6 
in the range of 400 to 800 MHz. However, with respect to each of the switched-capacitors C 2 2 , C 2 . 3 , and c 2.4> tne 
amount of capacitance selected for each such capacitor is established as an offset in view of the parasitic capacitance 
provided by the counterpart switching transistors in resistor networks RN 1 and RN 2 . More specifically, note first that 

5 the gate control signals for the capacitor-connected transistors TRC 2 2 , TRC 2 3 , and TRC 2 4 are the complements of 
the signals received by resistor-connected transistors TRR 2 2 , TRR 2 3l and TRR 24 , that is, capacitor-connected tran- 
sistors TRC 2 2 , TRC 2 3 , and TRC 2 4 receive the signals GO.. G1 , and G2, respectively. As a result, the switched capac- 
itors in the capacitor networks are included/excluded in a complementary fashion relative to the switched resistors in 
the resistor networks. For example, when resistor-connected transistor TRR 2 2 is enabled, then capacitor-connected 

10 transistor TRC 22 is disabled. This complementary setup is provided in the preferred embodiment so that, in an ap- 
proximate sense, when a resistor-connected transistor is enabled and thereby presents an additional parasitic capac- 
itance to node 52, then a counterpart capacitor-connected transistor may be disabled from node 54, thereby removing 
the capacitor to which it is connected from the overall RC product of filter 50. Continuing with the immediately-preceding 
example, therefore, when resistor-connected transistor TRR 2 2 is enabled and capacitor-connected transistor TRC 2 2 

15 j S at the same time disabled, the result of disabling capacitor-connected transistor TRC 2 2 is that capacitor C 2 2 is not 
then connected in parallel to non-switched capacitor C 21 . Further, in the preferred embodiment, it is observed that 
node 52 will experience comparable parasitic capacitance contributed from the enabled resistor-connected transistors 
in both of resistor networks RN 1 and RN 2 . As a result, the capacitive values for capacitors C 2 2 , C 2 3 , and C 2 4 are 
preferably selected to offset approximately the same amount of capacitance that is provided to node 52 given a state 

20 of GO, G1 : and G2. For example, where the sequence GO, G1 , and G2 equals the binary value 100, then in resistor 
network RN 1 only resistor-connected transistor TRR 12 is enabled and in resistor network RN 2 only resistor-connected 
transistor TRR 2 2 is enabled. At the same time within capacitor network CN 2 , capacitor-connected transistor TRC 2 2 is 
disabled which thereby removes capacitor C 2 2 from a parallel connection within capacitor network CN 2 (while the other 
capacitor-connected transistors therein are enabled). In view of this offset aspect, in the preferred embodiments the 

25 capacitance of capacitor C 2 2 is selected to be approximately equal to the total on-capacitance provided by both resistor- 
connected transistors TRR-, 2 and TRR 2 2 . A comparable capacitance selection is made for the remaining capacitors 
in capacitor network CN 2 , so that each switched-capacitor therein has a comparable capacitance to the complementary- 
operating counterpart transistors in resistor networks RN 1 and RN 2 , as summarized in the following Table 2: 

30 



Capacitor 


Resistor-connected transistors with 
combined on-capacitancc of comparable 
value 


C?..? 


TRRi . ? and TRR?.? 


C 2 . 3 


TRR1.3 and TRR2.3 


C2.4 


TRR1.4 and TRR2.4 



45 Table 2 



[0049] In the preferred embodiment, capacitor network CN 3 is generally constructed with the same number and type 
of components as capacitor network CN 2 , described above. Briefly, therefore, capacitor network CN 3 includes a ca- 
50 pacitor C 3 1 connected in parallel with three capacitorAransistor series connections: (1 ) a capacitor C 3 2 in series with 
the source/drain path of a transistor TRC 3 2 ; (2) a capacitor C 3 3 in series with the source/drain path of a transistor 
TRC 33 ; and (3) a capacitor C 34 in series with the source/drain path of a transistor TRC 3 4 . The capacitance of the 
switched-capacitors C 32 , C 33 , and C 34 , as well as the non-switched capacitor C 3 Al have the relationship shown in 
the following Equation 17: 

55 

C 3 2 < C 3 3 < C 3 4 < C 3 A Equation 17 
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[0050] The capacitance of each capacitor in capacitor network CN 3 is generally provided in the same manner as the 
capacitors of capacitor network CN 2 , with the differences being that the amount of capacitance selected for the non- 
switched capacitor C 3 is directed generally to providing the desired additional pole in the frequency response for filter 
50, and the capacitance value for each switched capacitor in capacitor network CN 3 is selected as a counterpart to 

5 the parasitic capacitance provided by the transistors in resistor network RN 3 . Looking in more detail to the switched 
capacitors, and similar to the earlier discussion for capacitor network CN 2 , for the case of capacitor network CN 3 the 
gate control signals for the capacitor-connected transistors TRC 32 , TRC 3 3 , and TRC 3 4 are the complements of the 
signals received by resisto reconnected transistors TRR 3 2 , TRR 33 , and TRR 34 . Thus, with respect to each of the 
switched-capacitors C 32 , C 33 , and C 34 , the amount of capacitance selected for each such capacitor is established 

10 as an offset in view of the parasitic capacitance provided by the switching transistors in resistor network RN 3 . Further, 
because the output node v out + only has one set of transistors connected to it in contrast to the two sets as was the 
case for node 52, then the amount of capacitance selected for each of the switched-capacitors C 3 2 , C 3 3 , and C 3 4 is 
set approximately equal to the capacitance of the single counterpart resistor-connected transistor that is enabled when 
the corresponding capacitor-connected transistor is disabled. For example, where GO, G1 , and G2 equal 100 : then in 

15 resistor network RN 3 only resistor-connected transistor TRR 3 2 is enabled, and at the same time within capacitor net- 
work CN 3 , capacitor-connected transistor TRC 3 2 is disabled which thereby removes capacitor C 3 2 from the parallel 
connection. Accordingly, the capacitance of capacitor C 3 2 is selected to be approximately equal to the on-capacitance 
provided by resistor-connected transistor TRR 32 . A comparable capacitance selection is made for the remaining ca- 
pacitors in capacitor network CN 3 , so that each switched-capacitor therein has a comparable capacitance to the coun- 

20 terpart transistor in resistor network RN 3 , as summarized in the following Table 3: 



Capacitor 


Resistor-connected transistor with on- 
capacitance of comparable value 


C3.2 


TRR3.2 


C3.3 


TRR3.3 


C3.4 


TRR3.4 



Table 3 

[0051] Given the preceding, one skilled in the art should therefore appreciate that capacitor networks CN 2 and CN 3 
provide further adjustment of the cutoff and additional pole frequencies as they result from the semiconductorfabrication 
40 of filter 50. However, in filter 50, the majority of range in the adjustability of cutoff and additional pole frequency arises 
from the ability to adjust the resistor networks RN 1 , RN 2 , and RN 3 and for this reason those adjustments are earlier 
stated to be coarse adjustments. Additionally, additional adjustability of the cutoff and additional pole frequency arises 
from the ability to adjust the capacitor networks CN 2 and CN 3 , and for this reason those adjustments are earlier stated 
to be fine adjustments. 

45 [0052] Having detailed filter 50 and the aspect that its 3dB frequency may be adjusted by selecting a state for the 
control signals GO, G1 , and G2, the following discussion now examines the preferred approach for determining the 
best selection for these control signals. In this regard, attention is directed to Figure 7 which illustrates an electrical 
block diagram of an oscillator 70. In the preferred embodiment, oscillator 70 is built on the same integrated circuit ICT 
that includes filter 50 and, thus, filter 50 is also shown in block form in Figure 7 within the boundary of ICT As a result 

so of this preference, the manufacturing process variations and environmental factors that affect filter 50 also should affect 
oscillator 70. This intended effect permits a sampling of the operation of oscillator 70 so as to tune the tunable devices 
in filter 50, as further explored below. 

[0053] Looking first to the construction of oscillator 70, it includes an input 70 jn for receiving a reference voltage, v ref . 
Input 70 in is connected through a resistor R A to a non-inverting input of an amplifier 72, and amplifier 72 provides an 
55 oscillator output signal v osc . v osc is connected in a feedback manner through a resistor R B to the non-inverting input of 
amplifier 72. The combination of these connections relating to resistors R A and R B provides a bistable multivibrator 
with a duty cycle established by the values of resistors R A and R B . Continuing with the remaining connections of 
oscillator 70, v osc is also connected in a feedback manner through a resistor network RN osc to the inverting input of 
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amplifier 72. Additionally, the inverting input of amplifier 72 is connected through a capacitor network CN osc to ground. 
The RC combination of RN osc and CN osc determine the frequency of v osc . Further, in the preferred embodiment, both 
resistor network RN osc and capacitor network CN osc are formed in the same manner as any one of the resistor and 
capacitor networks, respectively, used in filter 50, with the actual resistance and capacitance values in resistor network 

5 RN osc and capacitor network CN osc being at a known scaling of the resistive or capacitive values in the selected resistor 
and capacitor networks, respectively., used in filter 50. For example, resistor network RN osc of oscillator 70 may be 
formed in the same manner as resistor network RN-, of filter 50, while capacitor network CN osc of oscillator 70 may be 
formed in the same manner as capacitor network CN 2 of filter 50, where the resistances and capacitances are the 
same values or with some factor of scaling such that the resistances and capacitances in networks RN 0SC and CN osc 

10 are a multiple of those in RN n and CN 2 , respectively. Due to the comparable formation of networks RN osc and CN osc , 
they too will therefore include a single fixed device (i.e. , either resistor or capacitor) in parallel with a number of switched 
like devices. 

[0054] Given the construction of oscillator 70, and with the knowledge of the intended values of the resistances and 
capacitances in networks RN osc and CN osc (as determined by the known scaling), then v osc will have a frequency value 

15 which is to be expected should there be no manufacturing variation or environmental influence on the resistance and 
capacitance in networks RN osc and CN osc . As shown below, therefore, in the preferred embodiment the frequency of 
v osc is examined and, if it varies from its intended value, then that variance is assumed to be due to manufacturing 
variation (and the parasitics in networks RN osc and CN osc or environmental influence). Moreover, an amount of cor- 
rection, implemented by adjusting the control signals to the transistor switches within networks RN osc and CN osc , is 

20 determined that is sufficient to reduce the variance of v osc from its expected value, and that same amount of correction 
is then applicable to the resistor and capacitor networks in filter 50. In other words, it is assumed that the variation in 
oscillator 70 is the same as it is in filter 50 and, thus, by determining an amount of tuning correction for oscillator 70, 
that same amount of correction is preferably applied to filter 50. Additional details of this procedure are provided below 
[0055] Figure 8 illustrates a block diagram of a system 80 for determining the best control code GO, G1 , and G2 by 

25 analyzing v osc from oscillator 70, recalling that once the determination is made the same sequence is thereafter used 
for tuning filter 50. System 80 includes a counter 82 that counts the cycles from oscillator 70, where the count begins 
in response to a RESET signal and continues for a period indicated by a T ref signal. The count is output from counter 
82 to a comparator bank 84. Comparator bank 84 includes a number of comparators, where each comparator stores 
a different number based on the range of anticipated counts to be expected given an anticipated variation range in the 

30 RC constant of oscillator 70, such as ±35% in the present example. By way of example, assume that comparator bank 
84 includes seven comparators, each storing a respective count n 0 through n 6 . Each comparator output, NO through 
N6, of comparator bank 84 is connected to a priority encoder 86. Priority encoder 86 determines, from the results of 
each comparison detected by bank 84, a suitable state for each of the control bits in an effort to compensate for the 
detected process variation as further detailed below; further, these bits are output as a 3-bit control code. In the present 

35 example, the truth table for this operation is as shown in the following Table 4, where N6 through NO are again the 
outputs of comparator bank 84, and G2 through GO are the resulting three bits of the 3-bit control output by priority 
encoder 86. Further assume that the value of the RC product of the resistances and capacitances in networks RN osc 
and CN osc varies from its intended value, due to manufacturing variation, by +35%. The cycles from oscillator 70 will 
be minimum and will be detected by counter 82. The count n from counter 82 is output to comparator bank 84. In this 

40 case n is less than the least stored count n 0 and the output of the comparator bank, NO through N6, will be 0000000. 
Priority encoder 86 will determine the suitable state to compensate for the detected process variations. This will be the 
3-bit control G2 through GO of 111 as indicated in Table 4. Returning to Table 1, it demonstrates that this 3 -bit control 
value is combination 8, which reduces the effective resistance of the resistor networks RN 1s RN 2 , and RN 3 by connecting 
all the switched resistors in parallel with the non-switched resistor in an effort to compensate for the detected process 

45 variations. 

[0056] Note that the actual output frequency of oscillator 70 depends on process variations, which are measured in 
order to be able to compensate for such variations. Additionally, however, the actual output frequency of oscillator 70 
also depends on the on-resistance and parasitics of those transistors that are enabled in response to the binary control 
code, L2 through L0 as shown in Figure 8, applied to resistor network RN osc and capacitor network CN 0SC . In other 
50 words the initial selection of the binary control code, L2 through L0, will affect the final 3-bit control, output by priority 
encoder 86, applied to filter 50 for tuning correction. 

[0057] A 3-bit state machine 90 is implemented to generate the binary control code of oscillator 70, L2 through L0. 
State machine 90 starts with a middle initial condition. According to the sensed variation at the end of each calibration 
cycle T ref , as detected by priority encoder 86, and the current state, state machine 90 will change the control code of 
55 oscillator 70 to a new state (i.e., new initial condition) in the direction of compensating for the sensed variation. In the 
present example, at most three calibration cycles (i.e., 3T ref ) are required to converge to the correct tuning code, G2 
through GO, as further detailed below relative to Table 4. 
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N6 


N5 


N4 


N3 
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Nl 


NO 


G2 


Gl 


GO 
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1 


0 


10 


0 
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X 
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1 


1 




0 
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X 
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X 


X 


0 


1 


0 


20 


0 


1 


X 


X 


X 


X 


X 


0 


0 


1 




1 


X 


X 


X 


X 


X 


X 


0 


0 


0 



Table 4 



[0058] The 3-bit control code (i.e., G2 through GO) of priority encoder 86 is connected to a comparator 88, where 
comparator 88 also receives a 3-bit input from a state machine 90. Comparator 88 compares its two inputs and in 
30 response outputs a corresponding state of G (i.e., abbreviation of "greater than") to state machine 90 , as further detailed 
below. Finally, state machine 90 outputs a three-bit control signal L0, L1 , and L2 to oscillator 70, where that control 
signal is applied to resistor network RN osc and capacitor network CN osc to selectively enable/disable the transistors in 
those networks. 

[0059] The operation of system 80 is now explored. In general, the operation of system 80 is controlled by state 
35 machine 90. To facilitate this discussion, the following Table 5 indicates the state flow for state machine 90. 



Table 5 



40 



45 



G 


Current State (L2, L1, L0) 


Next State (L2, L1 , L0) 


0 


0 


1 




0 


0 


1 


1 


0 


1 




1 


0 


1 


0 


0 


0 




0 


0 


0 


1 


0 


0 




0 


1 


0 


0 


1 


0 




1 


0 


0 


1 


1 


0 




1 


1 


0 



[0060] When RESET is asserted, state machine 90 begins by outputting L2 5 L1 , and L0 equal to 011 , as shown in 
50 the top data row of Table 5. From the earlier Table 1 , one skilled in the art will appreciate that this first state therefore 
presents combination 4 of Table 1 , which is an initial condition near the middle of frequency variance relative to the 
farther extremes that may be achieved using the different states for the control code L2, L1 , and L0. In other words, 
the initial state represents only a -5% change from f nomlna i (and comparably could be the combination 5 binary state 
of 1 00 to represent a h-5% change). 
55 [0061] Also, once RESET is asserted, then counter 82 counts each cycle output by oscillator 70 and this count 
continues for a period of time equal to T ref . In the preferred embodiment, T ref is considerably longer than the expected 
period of one cycle from oscillator 70; for example, for a one percent error, assume that T ref is one hundred times 
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longer than the expected period of one cycle from oscillator 70. Accordingly, if the actual output frequency of oscillator 
70 is equal to its expected frequency, that at the end of T ref counter 82 should contain a count equal to one hundred. 
However due to process variations., environmental factors, and further due to the on-resistance of those transistors 
that are enabled in response to the binary 011 control code as well as the overall parasitic capacitance arising from 

5 the operations state in response to the 011 code, then the actual number of cycles of oscillator 70 may be different 
than the anticipated one hundred cycles. I n view of this possibility comparator bank 84 evaluates the number of counts 
in counter 82 as of T re , by comparing the actual count relative to the various different counts in each of its comparators, 
with the corresponding outputs of each of those comparators to priority encoder 86. In response, and according to the 
values set forth in Table 4, priority encoder 86 outputs a three-bit code G2 through GO that represents the suitable 

10 correction bits needed to compensate for the measured process variation, that is, to bring the actual count toward the 
anticipated count. In other words, in view of the preceding, two different possibilities exist: (1) the actual count will 
match the expected count, in which case priority encoder 86 will output the same code as is currently being output by 
state machine 90 (i.e., the code which caused oscillator 70 to oscillate at the frequency just counted); or (2) the actual 
count will be greater or less than expected count, in which case priority encoder 86 will output a different code as is 

15 currently being output by state machine 90. Each of these alternatives is explored below. 

[0062] In the case when the actual count in counter 82 matches the expected count, then recall that priority encoder 
86 will output the same code as is currently being output by state machine 90. Thus, in this case, comparator 88 
compares the 3-bit code from priority encoder 86 with the 3-bit code from state machine 90, and it determines that the 
codes match. In response, comparator 88 asserts the STOP signal which freezes the operation of oscillator 70 and 

20 counter 82 (or alternatively which could stop state machine 90 from changing state). At this point, the method just- 
described has determined that the present 3-bit code L0 : L1 , and L2 output by state machine 90 which matches the 
3-bit code from priority encoder 86 GO, G1 , and G2. caused oscillator 70 to oscillate at the expected frequency. In other 
words, the counted frequency is what was expected, meaning the factors that might cause a variance are not currently 
present and the present state of L0, L1 , and L2, as output by state machine 90, represent an acceptable tuning for 

25 resistor network RN osc and capacitor network CN osc . Further because these networks were constructed subject to the 
same variations as the resistor networks RN n through RN 3 and capacitor networks CN 2 and CN 3 of filter 50, and 
because those networks are presently exposed to the same environmental factors (e.g., temperature) as are the com- 
parable networks in oscillator 70, then it is presumed that the present state of L0, L1, and L2, having provided an 
acceptable tuning for oscillator 70, also would provide an acceptable tuning for filter 50. In response, therefore, until 

30 the time of the next assertion of the RESET signal in system 80, the states at the output of priority encoder 86, which 
matches those at the output of state machine 90, are used for tuning the resistor and capacitor networks in filter 50. 
[0063] In the case when the actual count in counter 82 does not match the expected count, then recall that priority 
encoder 86 will output a different code as is currently being output by state machine 90. Thereafter, comparator 88 
compares the 3-bit code from priority encoder 86 with the 3-bit code from state machine 90 and, thus, it determines 

35 that the codes do not match. Further, comparator 88 sets the state of G, where the state of G indicates which of the 
two inputs to comparator 88 is greater. Specifically, if the input from priority encoder 86 is less than the input from state 
machine 90, then G is a binary 0, whereas if the input from priority encoder 86 is greater than the input from state 
machine 90, then G is a binary 1 . Thereafter, the value of G as well as the present state of the output of state machine 
90 determine the next state of L2:L0 of state machine 90. To further appreciate the two alternative possibilities arising 

40 from the values of G, each is discussed in an example below. 

[0064] As a first example to demonstrate the effect of the value of G, assume that the count in counter 82, after the 
expiration of T ref , is greater than the expected count. For example, assume that the expected count equals a decimal 
value of 100 and the actual count equals a decimal value of 120. Further assume that the initial state, as output by 
state machine 90 : is the middle code (i.e. L2, L1 , and L0 is equal to 01 1 ). In this case, the values N6 through NO output 

^5 by comparator bank 84 indicate the level of the actual count 120 as it will be relative to the various counts in bank 84, 
and priority encoder 86 operates to output G2 through GO according to Table 4 for a proposed correction to compensate 
for the measured variation, as reflected in the decimal count of 120. For the current situation, and according to Table 
4, the output of priority encoder 86 is less than the output form state machine 90 (011). As a result, comparator 88 
issues the state of G as a binary 0. Looking to Table 5, therefore, in response to G=0 and from the first state, the next 

50 state of L2:L0 output by state machine 90 is a binary 001 . Accordingly, the new binary value of 001 is applied to oscillator 
70. Returning to Table 1 , it demonstrates that this newer binary value is combination 2, which reduces the nominal 
frequency of v osc to a greater extent than it was during the previous state of state machine 90. During this reduction, 
counter 82 is reset and for a second T ref it counts the number of cycles, with the operation of comparator bank 84 and 
priority encoder 86 repeating generally in a comparable manner as described above relative to the first binary state of 

55 001 . At the end of the second T re( , comparator 88 again compares the outputs of priority encoder 86 and state machine 
90. If those outputs match, then as before the STOP signal is asserted, thereby freezing oscillator 70 and counter 82, 
as well as the output of state machine 90, and so that the state output of priority encoder 86 may be applied to filter 
50. Alternatively, if there is still a mis-match between the outputs of priority encoder 86 and state machine 90, then 
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priority encoder 86 outputs a different 3-bit code than that currently being output by state machine 90. Thus, G is set 
accordingly and a next state is assumed by state machine 90 according to Table 5; thereafter, for a final time, counter 
82 is reset and for a third T ref it counts the cycles output by oscillator 70. The preceding description will then repeat a 
third and final time to converge on the state, as output by state machine 90, that causes the adjusted frequency of 

5 oscillator 70 to approach or match its expected frequency. 

[0065] As a second example to demonstrate the effect of the value of G, assume that the count in counter 82, after 
the expiration of T ref: is less than the expected count. For example, assume that the expected count equals a decimal 
value of 1 00 and the actual count equals a decimal value of 80. Further assume that the initial state, as output by state 
machine 90, is the middle code (i.e. L2, L1 , and L0 is equal to 011 ). In this case, the values N6 through NO output by 

10 comparator bank 84 indicate the level of the actual count 80 as it will be relative to the various counts in bank 84, and 
priority encoder 86 operates to output G2 through GO according to Table 4 for a proposed correction to compensate 
for the measured variation, as reflected in the decimal count of 80. For the current situation, and according to Table 4, 
the output of priority encoder 86 is less than the output form state machine 90 (011). As a result, comparator 88 issues 
the state of G as a binary 1 . Looking to Table 4, therefore, in response to G=1 and from the first state, the next state 

15 output of L2:L0 by state machine 90 is a binary 101 . Accordingly, the new binary value of 101 is applied to oscillator 
70. Returning to Table 1 , it demonstrates that this newer binary value is combination 6, which increases the nominal 
frequency of v osc to a greater extent than it was reduced during the previous state of state machine 90. During this 
increase, counter 82 is reset for a second T ref and it counts the number of cycles during T ref , with the operation of 
comparator bank 84 and priority encoder 86 repeating generally in a comparable manner as described above relative 

20 to the first binary state of 101 . At the end of the second T ref , comparator 88 again compares the outputs of priority 
encoder 86 and state machine 90. If those outputs match, then as before the STOP signal is asserted, thereby freezing 
oscillator 70 and counter 82, as well as the output of priority encoder 86 so that its state also may be applied to filter 
50. Alternatively, if there is still a mis-match between the outputs of priority encoder 86 and state machine 90, then 
priority encoder 86 outputs a different 3-bit code than that currently being output by state machine 90. Thus, G is set 

25 accordingly and a next state is assumed by state machine 90 according to Table 4; thereafter, for a final time, counter 
82 is reset and for a third T ref it counts the cycles output by oscillator 70. Thereafter, the preceding description will 
repeat a third and final time to converge on the state, as output by state machine 90, that causes the adjusted frequency 
of oscillator 70 to approach or match its expected frequency 

[0066] From the above, it may be appreciated that the above embodiments provide a filter that is tunable in response 

30 to a set of control codes, where the preferred embodiments further include an oscillator structure and method for 
determining an optimal set of those control codes. The tuning of the filter is preferably adjusted each time the filter 
circuit is reset and, thus, such tuning may compensate for manufacturing variations as well as subsequent environ- 
mental changes that may occur between successive resets of the filter. In addition, preferably the tuning control codes 
are applied to both resistor and capacitor networks within the filter, where the resistor networks are tuned to provide 

35 coarse adjustment of the filter frequency and the capacitor networks are tuned to provide fine adjustment of the filter 
frequency. Still further, with respect to each network, it includes switching transistors that have a non-negligible on- 
resistance, and comparable network configurations are included within the oscillator so that the non-negligible on- 
resistance is accounted for in determining the optimal set of control codes; in other words, the non-negligible on- 
resistance of the tuning transistors is part of the overall RC product in the filter, and by including the same structure in 

40 the oscillator that non-negligible on-resistance is necessarily factored into the determination of the tuning strategy for 
the corresponding filter. As a result of these aspects, the preferred embodiments provide numerous technical advan- 
tages. For example, the preferred filter is suitable for many high frequency applications. As another example, while 
the preferred filter is tunable, it maintains a considerably linear operation. As another example, the tuning of the filter 
permits compensation for various parasitics that are introduced to the filter by the tuning elements and which could 

45 otherwise affect the filter. As still another example, the various aspects described above are achieved without requiring 
unacceptably large transistors and without demanding unacceptably large drive current. 

[0067] In addition to the above benefits, another aspect is that while the present embodiments have been described 
in detail, various substitutions, modifications or alterations could be made to the descriptions set forth above without 
departing from the inventive scope. For example, while a Sallen-Key filter is shown as the preferred embodiment, other 

so embodiments may be formed by applying the present inventive teachings to other filters, including low pass, high pass, 
and bandpass filters. As another example, the present inventive teachings may apply to single output amplifiers in 
addition to a differential output amplifier as in the illustrated case. As still another example, while the preferred embod- 
iments include both resistor and capacitor networks, alternative embodiments may be constructed using only one or 
the other of these types of network. As yet a final example, the number of elements in these networks may be adjusted 

55 as may be the number of switched elements versus non-switched elements, such as (i) multiple resistors to form a 
combined resistance in locations where single resistors are shown; and (ii) multiple capacitors to form a combined 
capacitance in locations where single capacitors are shown. Accordingly, the preceding teachings and examples all 
further demonstrate the inventive scope, as is defined by the following claims. 
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Claims 

1 . An integrated circuit comprising a filter, the filter comprising: 

5 a first resistor network having a first lead coupled to receive an input signal and a second lead coupled to a 

first lead of a second resistor network; 

a first capacitor having a first lead coupled to said first lead of said second resistor network and a second lead 
coupled to a first lead of a third resistor network and a first lead of a transistor; 

a first capacitor network having a first lead coupled to a second lead of said second resistor network and to a . 
10 control lead of said transistor, a second lead of said first capacitor network coupled to a second lead of said 

transistor and to a first lead of a second capacitor network; and 

a second lead of said third resistor network being coupled to a second lead of said second capacitor network 
and to an output. 

15 2. The filter of Claim 1 , wherein said first resistor network comprises a non-switched resistor and a switched resistor 
connected in parallel with said non-switched resistor said non-switched resistor and said switched resistor coupling 
said first lead of said first resistor network to said second lead of said first resistor network. 

3. The filter of Claim 2, further including additional switched resislors each connected in parallel with said non- 
20 switched resistor and said switched resistor of said first resistor network. 

4. The filter of Claim 2 or 3, wherein said switched resistor is enabled or turned on and disabled or turned off by a 
transistor. 

25 5. The filter of Claim 2 : wherein said switched resistor comprises a transistor coupled in series with a resistor between 
said first lead of said first resistor network and said second lead of said first resistor network. 

6. The filter of any one of Claims 1-5. wherein said second resistor network comprises a non-switched resistor and 
a switched resistor connected in parallel with said non-switched resistor, said non-switched resistor and said 

30 switched resistor coupling said first lead of said second resistor network to said second lead of said first resistor 

network. 

7. The filter of any one of Claims 1-6, wherein said third resistor network comprises a non-switched resistor and a 
switched resistor connected in parallel with said non-switched resistor, said non-switched resistor and said 

35 switched resistor coupling said first lead of said third resistor network to said second lead of said third resistor 

network. ' 

8. The filter of any one of Claims 1 -7, wherein said first capacitor network comprises a non-switched capacitor and 
a switched capacitor connected in parallel with said non-switched capacitor, said non-switched capacitor and said 

40 switched capacitor coupling said first lead of said first capacitor network to said second lead of said first capacitor 

network. 

9. The filter of any one of Claims 1-8, wherein said second capacitor network comprises a non-switched capacitor 
and a switched capacitor connected in parallel with said non-switched capacitor, said non-switched capacitor and 

45 said switched capacitor coupling said first lead of said second capacitor network to said second lead of said second 

capacitor network. 

10. The filter of any one of Claims 1-9, wherein tuning control codes are applied to both resistor and capacitor networks 
within said filter, said resistor networks being tuned to provide coarse adjustment of filter frequency and said ca- 
se pacitor networks being tuned to provide fine adjustment of said filter frequency. 
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